Training paradigms affecting Aplysia withdrawal reflexes cause changes in gene expression leading to long-term memory formation in primary mechanoafferents that initiate withdrawal. Similar mechanoafferents are also found in the buccal ganglia that control feeding behavior, raising the possibility that these mechanoafferents are a locus of memory formation after a training paradigm affecting feeding. Buccal ganglia mechanoafferent neurons expressed increases in mRNA expression for the transcription factor ApC/EBP, and for the growth factor sensorin-A, within the first 2 h after training with an inedible food. No increases in expression were detected in the rest of the buccal ganglia. Increased ApC/EBP expression was not elicited by food and feeding responses not causing long-term memory. Increased ApC/EBP expression was directly related to a measure of the efficacy of training in causing long-term memory, suggesting that ApC/EBP expression is necessary for the expression of aspects of long-term memory. In behaving animals, memory is expressed as a decrease in the likelihood to respond to food, and a decrease in the amplitude of protraction, the first phase of consummatory feeding behaviors.
Training paradigms affecting Aplysia withdrawal reflexes cause changes in gene expression leading to long-term memory formation in primary mechanoafferents that initiate withdrawal. Similar mechanoafferents are also found in the buccal ganglia that control feeding behavior, raising the possibility that these mechanoafferents are a locus of memory formation after a training paradigm affecting feeding. Buccal ganglia mechanoafferent neurons expressed increases in mRNA expression for the transcription factor ApC/EBP, and for the growth factor sensorin-A, within the first 2 h after training with an inedible food. No increases in expression were detected in the rest of the buccal ganglia. Increased ApC/EBP expression was not elicited by food and feeding responses not causing long-term memory. Increased ApC/EBP expression was directly related to a measure of the efficacy of training in causing long-term memory, suggesting that ApC/EBP expression is necessary for the expression of aspects of long-term memory. In behaving animals, memory is expressed as a decrease in the likelihood to respond to food, and a decrease in the amplitude of protraction, the first phase of consummatory feeding behaviors.
To determine how changes in the properties of mechanoafferents could cause learned changes in feeding behavior, synaptic contacts were mapped from the mechanoafferents to the B31/B32 neurons, which have a key role in initiating consummatory behaviors and also control protractions. Many mechanoafferents monosynaptically and polysynaptically connect with B31/B32. Monosynaptic connections were complex combinations of fast and slow excitation and/or inhibition. Changes in the response of B31/B32 to stimuli sensed by the mechanoafferent could underlie aspects of long-term memory expression.
[Supplemental material is available for this article.]
In a number of learning paradigms affecting Aplysia withdrawal reflexes, the connection from mechanoafferent neurons to effectors has been a major focus of research on how neural plasticity is translated into behavioral change (Byrne and Kandel 1996; Liu et al. 1997; Kandel 2001; Roberts and Glanzman 2003; Sharma and Carew 2004; Hu et al. 2006; Reissner et al. 2006; Glanzman 2010) . However, in learning paradigms affecting feeding in Aplysia and related animals, other neural sites have been implicated as sites of plasticity. For example, in one learning paradigm memory is expressed by changes in the properties of a neuron that biases the motor output toward ingestion in place of rejection (Nargeot et al. 1999) . In another paradigm memory is expressed by the synchronization of interneurons driving a key neuron initiating ingestion (Nargeot et al. 2009 ). In a Lymnaea learning paradigm a neuron that excites feeding is tonically depolarized after training (Nikitin et al. 2008) . In these and in other learning paradigms affecting feeding (e.g., Baxter and Byrne 2006) , the possible role of mechanoafferents in the formation and expression of long-term memory was not explored, probably because it is not immediately clear how mechanoafferents might effect a learned change in feeding behavior. Thus, the role of mechanoafferents and their connections in longterm memory formation seems restricted to withdrawal reflexes.
This report examines the role of mechanoafferents in memory formation following an associative learning task affecting Aplysia feeding, learning that food is inedible. In this task Aplysia attempt to swallow a tasty but tough food that is impossible to swallow. Attempts to swallow repeatedly fail, and the animals learn to stop responding (Susswein et al. 1986; Schwarz et al 1988 Schwarz et al , 1991 Botzer et al. 1998; Katzoff et al. 2002 Katzoff et al. , 2006 Katzoff et al. , 2010 Cohen-Armon et al. 2004; Levitan et al. 2010; Michel et al. 2010 Michel et al. , 2011 . Previous studies (Levitan et al. 2008; Michel et al. 2011 Michel et al. , 2012 used molecular markers of memory to localize the learning to specific ganglia. After training with inedible food, the markers were found in the buccal, but not in the cerebral, pleural, or pedal ganglia of Aplysia (Levitan et al. 2008; Michel et al. 2011) . The buccal ganglia contain a central pattern generator (CPG) organizing repetitive consummatory feeding behaviors, as well as motor neurons innervating buccal muscles (Elliott and Susswein 2002) , which move the toothed radula (Ye et al. 2006; Neustadter et al. 2007 ). The ganglia also contain primary mechanoafferents innervating the interior of the mouth (Evans and Cropper 1998; Walters et al. 2004 ). Some of these mechanoafferents have properties similar to the mechanoafferents in abdominal and pleural ganglia that initiate withdrawal reflexes and that are a locus of long-term memory formation. We used expression of molecular markers to determine whether these mechanoafferents may be a site of plasticity underlying changes in behavior following training with inedible food.
One of the molecular markers used in previous studies was the transcription factor ApC/EBP, the Aplysia homolog of a transcription factor that is a marker of processes leading to longterm memory in other learning tasks (Alberini 2009 ). ApC/EBP synthesis is necessary for long-term facilitation of mechanoafferent-to-motor-neuron synapses in Aplysia (Alberini et al. 1994 ), a correlate of long-term sensitization (Cleary et al. 1998) . In 1 mammals, increased expression of a specific isoform (C/EBPb) in the hippocampus is necessary for long-term memory after inhibitory avoidance training (Taubenfeld et al. 2001a,b) , and C/ EBPb expression in the amygdala is necessary for reconsolidation (Milekic et al. 2007 ). The present report used expression of ApC/ EBP to determine whether buccal ganglia mechanoafferents are a site at which memory is formed.
We have also examined possible changes in sensorin-A, a molecular marker of long-term memory formation in mechanoafferents mediating withdrawal. Sensorin-A is a peptide growth factor that is expressed exclusively in mechanoafferent neurons (Brunet et al. 1991) , including in some of the buccal ganglia mechanoafferents (Walters et al. 2004) . In other systems (Hu et al. 2004 (Hu et al. , 2006 Cai et al. 2008) , treatments causing long-term facilitation of mechanoafferent-to-motor-neuron synapses require increased expression of sensorin-A, which is released by the mechanoafferents and is sensed by them by binding to autocrine receptors. Sensorin-A in turn causes activation of mitogen-activated protein kinase (MAPK), as well as the growth of new synaptic varicosities, thereby strengthening connections between the mechanoafferents and motor neurons. MAPK is also an intermediate in learning that food is inedible (Michel et al. 2011) , and the role of increased sensorin expression in the buccal ganglia mechanoafferents could be similar to that in the mechanoafferents responsible for longterm sensitization.
We found that buccal ganglia mechanoafferents with properties similar to those initiating withdrawal display an increase in ApC/EBP transcription after training with inedible food. The transcription of sensorin-A was also increased after training. The buccal ganglia mechanoafferents were found to produce monosynaptic and polysynaptic fast and slow postsynaptic potentials onto key neurons initiating and shaping Aplysia consummatory feeding behaviors, potentially allowing them to cause behavioral changes after training. The findings suggest that molecular mechanisms present in a specific cell type (i.e., mechanoafferents) may be used to produce learning affecting very different behaviors.
Results

Buccal ganglia mechanoafferents affect a key CPG neuron
The s1 and s2 buccal ganglia mechanoafferent neurons ( Fig. 1 ) have many features of morphology, physiology, and pharmacology in common with mechanoafferent neurons in the cerebral, pleural, and abdominal ganglia of Aplysia (Walters et al. 2004 ). Pleural and abdominal ganglia mechanoafferent respond to stimulation of the skin, and connect to motor neurons and interneurons controlling withdrawal. The mechanoafferents and their connections to motor neurons have been extensively studied as focal points of both associative and nonassociative learning affecting withdrawal reflexes (Byrne and Kandel 1996; Kandel 2001; Hu et al. 2006; Reissner et al. 2006; Glanzman 2010) . Since withdrawal reflexes are initiated by activation of the mechanoafferents, changes in the connectivity between mechanoafferents and their followers can easily explain changes in withdrawal behaviors resulting from learning.
In learning that food is inedible, animals attempt to swallow a tough food. As animals learn, there is a reduction in attempts to swallow food, followed by a cessation of feeding (Susswein et al. 1986; Schwarz et al. 1988) . The buccal ganglia s1 and s2 mechanoafferents respond to stimuli within and about the mouth (Walters et al. 2004 ) and could be activated by attempts to swallow, stimuli that have an essential role in creating learned changes of feeding behavior (Schwarz et al. 1988) . However, because relatively little is known about the connectivity of the mechanoafferents to neurons organizing feeding behavior, it would not be possible to predict how changes in the properties of the mechanoafferents would give rise to learned changes in feeding behavior. Thus, before examining whether the buccal ganglia mechanoafferents are affected by learning that food is inedible, it was first important to examine the possible connectivity of the buccal ganglia mechanoafferents to key identified neurons that organize feeding.
Previous studies showed that the s1 and s2 mechanoafferents synaptically excite a number of different populations of buccal ganglia neurons (Fiore and Meunier 1979) , but their connections to key CPG neurons initiating feeding has not been explored. To examine whether changes in the mechanoafferent neurons could affect the initiation of feeding, we examined whether the mechanoafferent neurons affect B31/B32. These two neurons have a key role in deciding to initiate a consummatory feeding response (Hurwitz et al. 2008; Saada et al. 2009 ). In addition, the B31/B32 neurons innervate the I2 muscle (Hurwitz et al. 1994 (Hurwitz et al. , 2000 , whose activity causes radula protraction (Hurwitz et al. 1996) . Rejection of food, which becomes more common after training (Susswein et al. 1986) , is characterized by a longer and more powerful protraction than is swallowing (Ye et al. 2006; Neustadter et al. 2007) .
Experiments were on five buccal ganglia that were removed from animals and then treated with a high divalent cation solution (HiDi), which raises thresholds and thereby blocks polysynaptic chemical connections. In each preparation, the possible monosynaptic connections from 10 s1 and from 10 s2 neurons to a B31/B32 neuron (see Fig. 1 ) were determined.
Both the s1 and s2 populations contained neurons that connected to the B31/B32 neurons in HiDi ( Fig. 2A) . In neither population were all of the sampled cells connected to B31/B32. For the s1 cluster, an average of 6.8 ( + 1.6 SD) of the 10 neurons tested had monosynaptic connections to the B31/B32 neurons. For the s2 cluster, an average of 2.2 ( + 1.8 SD) of the 10 neurons tested had monosynaptic connections to the B31/B32 neurons. Presumed monosynaptic connections in HiDi were often complex, with many cells showing both fast and slow components (Fig. 3A) . Some neurons displayed only fast or slow postsynaptic potentials (PSPs). Slow PSPs were somewhat more common (59.5% of all PSPs) than were fast PSPs (40.5% of all PSPs). Both excitatory and inhibitory fast and slow PSPs were present, with excitation (87.6% of all PSPs) much more common than inhibition (12.4% of all PSPs). All but two of the fast excitatory postsynaptic potentials (EPSPs) (27 of 29 EPSPs) displayed prominent depression on repetition of mechanoafferent cell spikes (Fig. 3A3) , with one example of a fast EPSP showing facilitation (not shown), and another showing little change (Fig. 3A1) . Although PSPs from the s1 neurons were more common than were PSPs from the s2 neurons, there were no significant differences in the distribution of the different types of PSPs between the s1 and s2 neurons (Fig. 2B) .
High divalent cation solutions minimize the effects of a polysynaptic connection by raising neuron thresholds, thereby making it unlikely that interneurons will fire in response to synaptic excitation and release transmitter. However, neurons that are electrically coupled to either the presynaptic or postsynaptic neuron may fire, since they are not depolarized by transmitter release. B31/B32 are electrically coupled to B63, which in turn excites B31/B32 via fast (Hurwitz et al. 1997 ) and slow EPSPs (Saada et al. 2009 ). In addition to being electrically coupled to B31/B32, B63 also has a lower firing threshold than does the B31/B32 axon Saada et al. 2009 ). Recordings from B31/ B32 after firing buccal ganglia mechanoafferents showed fast EPSPs from B63 (Fig. 3A1 ), in addition to direct EPSPs from the mechanoafferent cell. Since B63 elicits both fast and slow excitation of B31/B32 (Dembrow et al. 2004; Saada et al. 2009 ), firing of B63 in response to mechanoafferent firing raises the possibility that some of the slow EPSPs elicited by the mechanoafferents may have been via B63 activity. However, this possibility is unlikely, since the slow EPSPs from mechanoafferents to B31/B32 were usually seen in the absence of fast B63 EPSPs, which occur every time that B63 fires, and B63 firing was present only after strong depolarization of B31/B32 that resulted from a slow EPSP (see Fig. 3A1 ). In addition, the slow EPSPs that result from B63 firing are generally elicited at high B63 firing frequencies (Saada et al. 2009 ), which were never seen.
The connections from buccal ganglia mechanoafferents to B31/B32 were also examined in artificial seawater (ASW), in which polysynaptic connections are not blocked (Fig. 3B) . Firing of mechanoafferents elicited heterogeneous responses of variable length, which combined fast and slow responses. In some cases (e.g., Fig. 3B1 ) polysynaptic EPSPs were seen even in neurons that did not display a monosynaptic connection. In other cases (e.g., Fig. 3B2 ) the mechanoafferents elicited a complete buccal motor program that was expressed as a slow, ramp depolarization of B31/B32, followed by a plateau B31/B32 depolarization that corresponds to radula protraction, and then repolarization that corresponds to radula retraction. Such motor programs are correlates of consummatory feeding behaviors in intact, behaving animals (Hurwitz et al. 1996) . Thus, firing in buccal ganglia mechanoafferents is capable of inducing feeding behaviors. Modulation of the properties of the mechanoafferent neurons could readily account for aspects of the changes in feeding behaviors that are expressed by learning and memory after training with inedible foods.
ApC/EBP expression is present in mechanoafferent neurons
We have reported that, after training with inedible food, ApC/EBP is transcribed and translated in the buccal ganglia (Levitan et al. 2008) . A subsequent study also localized the expression of MAP kinase after training to the buccal ganglia (Michel et al. 2011) . In which buccal ganglia neurons does the expression of ApC/EBP increase after training causing long-term memory? As was done in other gene expression experiments in Aplysia (Kuhl et al. 1992; Liu et al. 1997) , we separated mechanically the buccal ganglia into two compartments. One compartment contained the s1 and s2 primary mechanoafferent neurons, and the other contained the rest of the neurons in the ganglia. To be certain that the mechanoafferent clusters were separated from the rest of the neurons, we used sensorin-A mRNA as a positive marker for mechanoafferent cell clusters, since sensorin-A is enriched in these mechanoafferent neurons (Walters et al. 2004 ). Sensorin-A mRNA levels in the combined s1 and s2 mechanoafferent neuron cluster were 8.5 times higher than in the rest of the ganglia (difference between sensorin-A mRNA expression in the two compartments: P ¼ 0.02, U (4,9) ¼ 2; two-tailed Mann-Whitney U-test), indicating that the dissection successfully separated the mechanoafferent cells from the rest of the buccal ganglia.
As in previous experiments measuring ApC/EBP after training with inedible food (Levitan et al. 2008) , ApC/EBP mRNA levels in the two buccal ganglia compartments were measured 15 min and 2 h after training. The expression of ApC/EBP was normalized to that of histone H4, which is not expected to change as a result of training (Guan et al. 2002) . In addition, a direct test of H4 expression in the buccal ganglia of naive (N ¼ 4) and of trained (N ¼ 6) animals showed no significant change in H4 expression (P ¼ 0.89, t (8) ¼ 0.14). As controls, ApC/EBP mRNA levels were also measured in ganglia dissected from naive, untrained animals, as well as in ganglia dissected after stimulating the lips with netted food, but not allowing the food to enter the mouth. This procedure does not cause long-term memory (Schwarz et al. 1988; Katzoff et al. 2006 Katzoff et al. , 2010 or induce molecular correlates of memory formation (Cohen-Armon et al. 2004; Levitan et al. 2008) , but does elicit feeding responses, thereby controlling for the possibility that ApC/EBP is elicited by exposure to food and feeding responses per se, rather than being elicited by training.
In the sensory neuron compartment, there were significant increases in ApC/EBP mRNA levels both 15 min ( Fig. 4A1 ) and 2 h (Fig. 4A2 ) after lip stimulation alone. However, training with inedible food caused large additional increases in ApC/EBP levels over those in lip-stimulated controls, both 15 min and 2 h after the treatments. These data indicate that training leading to longterm memory caused an increase in ApC/EBP expression in the Number of connected cells Figure 2 . Monosynaptic connectivity of s1 and s2 neurons with B31/B32. (A) Of the 10 s1 and s2 neurons sampled in each of the five preparations, the number of neurons displaying monosynaptic connections to B31/B32 is shown. Significantly more s1 than s2 neurons monosynaptically affected B31/ B32 (P ¼ 0.03; t (4) ¼ 3.20). The connections displayed both fast and slow and both excitatory and inhibitory components. (B) We examined possible differences in the patterns of connectivity between s1 and s2 cells by testing whether there were differences in the likelihood for observing fast or slow, or excitatory or inhibitory connections, between the s1 and s2 clusters (1-4). The percent of all observed synapses that were fast, slow, excitatory, or inhibitory was calculated for each preparation for the s1 and for the s2 neurons. No significant differences were found between the s1 and s2 neurons (for fast EPSPs: Mechanoafferents and Aplysia learning www.learnmem.org sensory cells within 15 min after the training, and ApC/EBP levels remain elevated for at least 2 h after training. Although some of this increase can be attributed to lip stimulation and feeding per se, training causing long-term memory caused a large increase over that caused by lip stimulation. Is the increased ApC/EBP expression after training restricted to the sensory neurons, or are there also increases in ApC/EBP expression in the rest of the ganglia? ApC/EBP mRNA levels were also measured in the nonsensory compartment 15 min and 2 h after training and compared with ApC/EBP mRNA expression in naive animals and in animals in which the lips were stimulated without allowing the food to enter the mouth. There were no significant differences between naive and lip-stimulated controls, or between trained and lip-stimulated animals, at 15 min or 2 h after training. However, there was a significant increase between naive animals and trained animals 15 min after training, indicating that there may be a transient increase in ApC/EBP expression at this time. Because the number of preparations in which the nonsensory compartment was examined 2 h after training was smaller than that for the sensory compartment, we cannot eliminate the possibility of a small increase in expression of ApC/EBP that might have been detectable with more samples. However, at 15 min after training, comparable numbers of sensory and nonsensory compartments were examined.
These findings suggest that the increases in ApC/EBP mRNA and protein after training that were found in previous work (Levitan et al. 2008 ) both 15 min and 2 h after training were largely due to changes in mRNA expression in the mechanoafferent cells. An additional test was performed to examine this hypothesis. ApC/EBP mRNA expression in the mechanoafferent cells was compared with that in the rest of the buccal ganglia in naive animals, as well as in ganglia removed 15 min after training. In naive animals, there was no significant difference in ApC/EBP mRNA expression in the buccal mechanoafferents and the rest of the ganglia (Fig. 5A ). In contrast, in trained animals the expression of ApC/EBP was significantly increased in the mechanoafferent cell cluster, with respect to expression in the rest of the ganglion (Fig. 5B) . Thus, even if the tendency for an increase in ApC/EBP expression in the rest of the ganglion were significantly greater than in controls, had we examined more samples, the increase in the mechanoafferents would still be considerably larger.
ApC/EBP expression is correlated with aspects of memory formation
Although ApC/EBP expression in the mechanoafferent cells is increased by an experience leading to long-term memory over that caused by exposure to food and performance of feeding behavior, the increased ApC/EBP could be caused by aspects of the training experience that do not directly lead to memory. If ApC/EBP expression is related to subsequent memory formation, factors that influence ApC/EBP expression may also influence memory. We tested the possible relationship between ApC/EBP expression and aspects of memory formation, by examining whether training that leads to an increased expression of ApC/EBP also leads to a greater expression of some measure of memory.
In previous studies, it was shown that entry of food into the mouth and attempts to swallow elicited by food in the mouth are critically required for the subsequent expression of memory (Schwarz et al. 1988; Cohen-Armon et al. 2004 ; Katzoff et al. 2006) . There is a strong correlation between the number of attempts to swallow and the time that food is in the mouth eliciting such attempts (Susswein et al. 1986 ). We examined whether the magnitude of the increased ApC/EBP and aspects of expression of memory are both related to the time that food is in the mouth during training. In this experiment, the measure of memory used was the decrease in the time that food was in the mouth eliciting failed attempts to swallow during a test of memory, with respect to the time in the mouth eliciting swallows during the training. In a population of 33 animals, this measure of memory was significantly correlated with the time that food spent in the mouth during the training session, as might be expected if attempts to swallow cause the memory (Fig. 6A) . The expression of ApC/EBP in animals displaying a 24-h memory was not tested, since preliminary experiments indicated that there is no increase in ApC/EBP 24 h after training. For this reason, we examined ApC/EBP expression 2 h after training in a separate experiment. The expression of ApC/EBP 2 h after training was positively correlated with the time that food spent in the mouth during training (Fig. 6B) . Thus, variations in the training leading to a greater expression of aspects of memory also lead to a larger expression of ApC/EBP. These data suggest that the increased ApC/EBP expression may be directly related to the formation of the memory. A previous study on long-term sensitization in Aplysia (Lyons et al. 2006 ) also found a positive correlation between ApC/EBP expression and long-term memory.
Sensorin-A expression is increased by training with inedible food
Mechanoafferents similar to those in the buccal ganglia are a primary site of plasticity underlying long-term sensitization of withdrawal reflexes, and of their neural correlate facilitation of the mechanoafferent to motor synapse (Kandel 2001) . Long-term facilitation is characterized by a number of molecular changes in the mechanoafferents. In addition to increased ApC/EBP expression, the expression of sensorin-A mRNA and protein is increased. This increase is essential for the establishment of the long-term facilitation (Hu et al. 2006) . Sensorin-A mRNA is also increased 2 h after 5-HT treatment causing long-term facilitation (Sun et al. 2001; Hu et al. 2006 ) and declines to control levels at 24 h (Sun et al. 2001) . Since the mechanoafferents of the buccal ganglia express sensorin-A (Walters et al. 2004) , and these cells appear to be a locus of molecular changes underlying learning that food is inedible, we measured sensorin-A mRNA levels in the mechanoafferents of the buccal ganglia after training with inedible food. Sensorin-A mRNA levels were measured 15 min and 2 h after training. There was no significant difference in the sensorin-A mRNA levels 15 min after training, with respect to naive controls, which is consistent with previous findings on other mechanoafferent neurons exposed to serotonin (Hu et al. 2006 ). In contrast, there was a significant increase in sensorin-A mRNA 2 h after the training, with respect to naive controls (Fig. 7) . However, the increase of sensorin-A mRNA in trained animals over that in naive controls was much smaller than was the increase in ApC/EBP mRNA (twofold versus 10-fold). Values of sensorin-A mRNA for animals treated 2 h previously with lip stimulation were intermediate between those of naive controls and trained animals, and were not significantly different from values in naive animals or in trained animals (see Supplemental Fig. 1 ). Thus, we cannot eliminate the possibility that some or all of the increased expression of sensorin-A results from lip stimulation and its eliciting feeding behavior, rather than from the aspects of the training procedure that lead to memory.
Discussion
Experiences causing learning and memory initiate molecular processes in specific neurons, and thereby initiate changes in the properties of neurons and their interconnections. These changes are then expressed as a change in behavior. A first step in understanding how molecular processes cause behavioral change is to localize the molecular processes to specific neuron populations (Gusev et al. 2005; Hatakeyama et al. 2006; Kubik et al. 2007) or (Frankland et al. 2004; Maviel et al. 2004; Kubik et al. 2007; Mamiya et al. 2009 ).
Molluscan feeding is a model system for determining cellular processes underlying learning and memory. Neuronal pathways generating, expressing, and modulating feeding have been mapped, and the properties of key neurons and their synaptic connections have been described (Benjamin et al. 2000; Elliott and Susswein 2002; Cropper et al. 2004 ). The behaviors produced by these circuits have also been examined (e.g., Chiel et al. 2009 ). We have used Aplysia feeding as a model system to localize molecular changes arising from training to specific neurons. Later studies will examine how the neurons expressing these changes cause behavioral changes.
After training with inedible food, ApC/EBP is transcribed and translated in the buccal ganglia, but no changes were found in other ganglia mediating aspects of feeding (Levitan et al. 2008) . The buccal ganglia contain motor neurons that are effectors of feeding, a CPG organizing consummatory behaviors (Elliott and Susswein 2002; Cropper et al. 2004) , and key interneurons that bias the system to choose among different consummatory behavior (Hurwitz et al. 1997; Nargeot et al. 1999; Weiss 2001, 2002) . The ganglia also contain mechanoafferent neurons (Fiore and Meunier 1979) of relatively unknown function, which have properties similar to the well-studied mechanoafferent in the abdominal and pleural ganglia (Walters et al. 2004) , and additional peptidergic sensory neurons that innervate the radula (Miller et al. 1994; Borovikov et al. 2000) and connective tissue attaching the buccal ganglia to the feeding apparatus (Evans and Cropper 1998; Evans et al. 1999) .
We have localized molecular changes following training with inedible food to the s1 and s2 mechanoafferent neurons (Fig. 1) . Training caused an increase in mRNA levels of ApC/EBP (Fig. 4) and of sensorin-A (Fig. 7) . In naive animals ApC/EBP is expressed equally in the mechanoafferent and non-mechanoafferent neurons, but after training expression is enriched in the mechanoafferent neurons (Fig. 5) . The increased ApC/EBP expression is probably directly related to long-term memory formation, since lip stimulation eliciting feeding responses, but not memory, did not cause increased ApC/EBP. In addition, there are correlations between a measure of the efficacy of training, expressed by the time in the mouth during training, and ApC/EBP mRNA expression, and between the time in the mouth during training and a measure of long-term memory, expressed by a reduction of time in the mouth during a test of memory (Fig. 6) . Sensorin-A is expressed exclusively in mechanoafferent neurons (Brunet et al. 1991) , and expression of sensorin-A increases as a result of the training procedure (Fig. 7) . However, although this finding is consistent with these neurons being a site of plasticity when Aplysia are trained with inedible foods, we were unable to determine whether the increased expression of sensorin-A is a specific result of aspects of the training that lead to memory formation.
Increases in both ApC/EBP and sensorin-A expression in mechanoafferents are necessary for long-term memory following other training tasks affecting Aplysia behavior (Alberini et al. 1994; Hu et al. 2006) . C/EBP is a transcription factor (Alberini 2009) , and its production in the buccal ganglia mechanoafferents is likely to initiate the transduction of later genes that function in memory formation. Sensorin-A is a growth factor that is transported to synapses onto target neurons, where its activity is regulated Figure 6 . Positive correlations between training and memory (A) and between training and ApC/EBP mRNA expression (B). Efficacy of training was expressed as the time (in seconds) that food spent in the mouth eliciting attempts to swallow during the training. ApC/EBP mRNA was normalized to the ApH4 mRNA level. Both transcripts were measured in the buccal mechanoafferents using quantitative RT-PCR. The value of each trained animal was expressed as a percentage of mean value measured in naive animals, which was set to 100%. (A) A positive linear correlation was seen between the efficacy of training and memory, as measured by a percent decrease in the time that food was in the mouth during the test 24 h after the training. There was significant positive correlation between training intensity and 24-h memory (P ¼ 0.001; t (31) ¼ 3.4; N ¼ 33; two tailed t-test). (B) A positive linear correlation was also seen between the efficacy of training and the expression of training-induced ApC/EBP mRNA measured 2 h after the training in the buccal mechanoafferents (P ¼ 0.0004, t (7) ¼ 6.2; N ¼ 9; two tailed t-test).
by experiences causing memory (Hu et al. 2004 (Hu et al. , 2010 Wang et al. 2009 ). In mechanoafferent-to-motor synapses that are affected by sensitization, autocrine sensorin effects regulate the activation of MAPK, which is necessary for subsequent long-term facilitation, as well as the growth of new synaptic varicosities (Hu et al. 2004) . MAPK is also an intermediate in learning that food is inedible (Michel et al. 2011) , and the role of increased sensorin expression in the buccal ganglia mechanoafferents could be similar to that in the mechanoafferents responsible for long-term sensitization.
Many aspects of behaviors are changed by the training, and it would therefore be surprising if molecular changes associated with memory formation were restricted to a small population of neurons such as the buccal ganglia mechanoafferents. Thus, after training animals are less likely to try to find food, or to attempt to bite it (Chiel and Susswein 1993) . When they do bite the food, there are fewer attempts to swallow before the food leaves the mouth (Schwarz et al. 1988 ). Food-finding and ingestion are complex behaviors requiring the coordination of many neurons located in different ganglia, but the molecular changes that have been detected are restricted to the buccal ganglia mechanoafferents.
The seeming contradiction between the widespread changes in behavior and the narrow locus of expression of molecular correlates of learning found in this and in previous papers (Levitan et al. 2008; Michel et al. 2011) can be explained in a number of ways. First, changes in the expression of ApC/EBP may not be restricted to the buccal ganglia mechanoafferents, as was shown in conditioned taste aversion in Lymnaea (Hatakeyama et al. 2006) . When examining tissues such as the non-mechanoafferent components of the buccal ganglia or the cerebral ganglion, even large changes in a small number of cells may not be detected. Second, changes in the expression of molecules other than those investigated could also be initiated by training, and these could be expressed more widely in neurons other than the buccal ganglia mechanoafferents. This in consistent with an earlier finding that blocking polyADP-ribosylation, a process necessary for longterm memory after training with inedible food (Cohen-Armon et al. 2004), does not affect ApC/EBP expression after training (Levitan et al. 2008) . Third, later rounds of mRNA synthesis occurring after the periods examined may be expressed more widely in additional neurons. Fourth, the synaptic outputs of the mechanoafferent neurons may directly or indirectly affect many neurons with differing functions in regulating feeding.
How could the buccal ganglia mechanoafferents mediate behavioral changes during training with inedible food, or during a test of memory? The neurons are likely to be activated by the training, since they have receptive fields in the muscular buccal mass, in the buccal cavity and radula, in the esophagus, and in the perioral zone (Walters et al. 2004 ), all of which are stimulated by attempts to swallow inedible food during training. In addition, the mechanoafferents are depolarized by buccal motor programs even without sensory input (Susswein and Byrne 1988) . The mechanoafferents also contain FRFamide and FMRFamide neuropeptides, which together bias buccal motor program toward egestion (Vilim et al. 2010) , as is seen during training with inedible food (Schwarz et al. 1988) . Moreover, the buccal ganglia mechanoafferents also express nitric oxide synthase (NOS), the enzyme responsible for NO production (see Supplemental Fig. 2 ). Memory formation is blocked by treating Aplysia with NOS blockers or with NO scavengers (Katzoff et al. 2002) during training, indicating the NO production during training is required for memory formation. NO signals difficulty in swallowing the food, and may bias the buccal ganglia toward rejection of food (Katzoff et al. 2006 (Katzoff et al. , 2010 .
Changes in gene expression in the buccal ganglia mechanoafferents could cause changes in the properties of the mechanoafferents that are expressed as changes in behavior during tests of memory. First, the response properties of the mechanoafferents in response to food may change in a manner appropriate to a reduction in response to inedible food, thereby releasing more or less of a transmitter. Second, connections to postsynaptic follower of the mechanoafferents could be regulated, so as to produce a changed output, even if the response of the mechanoafferents to food is unaltered.
We have shown that many mechanoafferent neurons have monosynaptic and polysynaptic connections with the B31/32 neurons (Figs. 2, 3 ), which have a major role in deciding whether or not to initiate a consummatory feeding response (Hurwitz et al. 2008) . As animals learn and remember, the likelihood to respond to food decreases (Schwarz et al. 1988 ). After they are depolarized, B31/B32 neurons fire at a steady rate (Hurwitz et al. 1996) . Since B31/B32 are the major motor neuron innervating the I2 muscle, causing protraction (Hurwitz et al. 2000) , the amplitude of protraction is specified largely by how long B31/B32 remain depolarized and fire. Protraction is weaker during swallowing than during other consummatory responses, such as biting or rejection (Ye et al. 2006; Neustadter et al. 2007 ). Training causes a decrease in swallows and an increase in rejection (Susswein et al. 1986 ). Changes in the amplitude of the connections from the mechanoafferents to B31/B32 could underlie some of the changes in behavior that characterize learning and memory that food is inedible. In addition, NO stabilizes the resting potential of the B31/32 cells, thereby making them less excitable (Miller et al. 2011) . Changes in the release of NO by the s1 and s2 mechanoafferent cells when they respond to food could be an additional mechanism by which these cells could produce changes in feeding behavior.
The mechanoafferents also produce fast and slow synaptic potentials onto other buccal ganglia neurons, including a fast EPSP onto B4/B5 (Fiore and Meunier 1979-they termed B4/B5 the A cells). B4/5 firing biases buccal motor programs toward rejection (Warman and Chiel 1995; Ye et al. 2006) . Modulation of the mechanoafferent output onto B4/B5 as a result of training could also contribute to the choice between different consummatory behaviors after training.
In work on abdominal ganglia mechanoafferents eliciting withdrawal, in naive Aplysia 90% of the mechanoafferents synapse onto motor neurons. Training causing long-term habituation decreased the number of sensory to motor neuron connections, and subsequent training causing long-term sensitization restored the erased synapse (Castellucci et al. 1978; Carew et al. 1979) . The finding that the number of s1 and s2 neurons Figure 7 . Sensorin-A mRNA is increased in the buccal mechanoafferents 2 h after training. The mRNA of sensorin-A was measured 15 min (A) and 2 h (B) after training and compared with that in naive animals. Sensorin-A mRNA was normalized to ApH4 mRNA levels. The value measured in each animal is expressed as a percentage of the mean value obtained in all naive animals, which was set to 100%. The graph displays the means and standard errors. There was no significant difference 15 min after training (P ¼ 0.35, t (7) ¼ 0.99, two tailed t-test; trained animals N ¼ 5, N ¼ 4 naive animals). In contrast, there was a significant difference in sensorin-A mRNA 2 h after training (P ¼ 0.049, t (15) ¼ 2.13, two tailed t-test. N ¼ 9 trained animals, N ¼ 8 naive animals).
connected to B31/B32 varies considerably from animals to animals ( Fig. 2A) suggests that the individual experiences of each animal prior to the experiment might have affected the likelihood of the connections. Although previous papers (Levitan et al. 2008; Michel et al. 2011 ) identified the buccal ganglia as a site of plasticity for learning that food is inedible, the finding that mechanoafferents are a site of plasticity was unexpected, but was serendipitous. The buccal ganglia mechanoafferent neurons have many features of morphology, physiology, and pharmacology in common with other mechanoafferent neurons in the cerebral, pleural, and abdominal ganglia of Aplysia (Walters et al. 2004 ). The major difference between the buccal ganglia mechanoafferents and those in the other ganglia seems to be in their connectivity. The buccal ganglia mechanoafferents respond to stimuli within and about the mouth, and are connected to motor neurons and interneurons controlling feeding, whereas mechanoafferents in other ganglia respond to stimulation of the skin, and connect to motor neurons and interneurons controlling withdrawal. Mechanoafferent neurons in the pleural and abdominal ganglia, and their connections to motor neurons, have been extensively studied as focal points of both associative and nonassociative learning affecting withdrawal reflexes (Byrne and Kandel 1996; Kandel 2001; Hu et al. 2006; Reissner et al. 2006; Glanzman 2010) . Localization of learning to the buccal ganglia mechanoafferents suggests that many of the well-documented molecular and physiological changes that contribute to learning and memory affecting withdrawal will also be relevant to learning that food is inedible. Future studies will be needed to confirm this possibility. Localizing learning to mechanoafferents suggests the interesting possibility that very different learning phenomena, such as learning that food is inedible and sensitization or classical conditioning of withdrawal reflexes, will share common cellular mechanisms. The major difference between these types of learning will be in the circuits in which the cellular mechanisms are embedded, which give rise to different behaviors.
Materials and Methods
Animals
Experiments were performed on Aplysia californica (50-150 g) purchased from Marinus Scientific (Garden Grove, CA) or Santa Barbara Marine Bio (Santa Barbara, CA). As described for previous experiments (Botzer et al. 1998; Katzoff et al. 2002 Katzoff et al. , 2006 , five to six animals were maintained in a cage immersed in 900-L tanks of aerated, filtered Mediterranean seawater at 18˚C. Animals were fed every 3 -4 d with Ulva lactuca that was gathered along the Mediterranean coast of Israel and kept frozen until needed. Animals were maintained on a 12-h light-dark cycle.
Animals were separated from each other one week before an experiment. They were thereafter kept in individual cages and were food-deprived. As in numerous previous studies examining learning that food is inedible in Aplysia (Botzer et al. 1998; Katzoff et al. 2002 Katzoff et al. , 2006 , 24 h before being trained they were transferred to 10-L experimental aquaria that were maintained at room temperature (23˚C). They were kept two to an aquarium, with the two animals separated by a partition allowing the flow of water.
Training
Animals were trained and tested with inedible food, the seaweed Ulva wrapped in plastic net, as previously described (Schwarz et al. 1991; Botzer et al. 1998; Lyons et al. 2005; Levitan et al. 2008) . Inedible food was touched to the lips, inducing biting and food entry into the mouth. Animals then attempted to swallow the food. The netted food cannot be swallowed and it became lodged in the buccal cavity, producing repetitive failed attempts to swallow. Food eventually left the buccal cavity. The experimenter continued to hold the food against the lips, inducing further biting responses, entries into the mouth, and failed swallows. As training proceeded many bites failed to cause entry of food into the mouth. When food did enter the mouth it stayed within for progressively shorter periods, eliciting fewer attempted swallows. In experiments testing memory, training continued until animals stopped responding for 3 min as evident by lack of food entering the mouth. In all animals, food was in the mouth eliciting failed attempts to swallow for at least 100 sec of the initial training, since previous experience showed that such animals almost always show long-term memory. Animals in which food was not in the mouth for 100 sec during training were discarded. Such a training session caused long-term memory measured after 24 h (Fig. 6) . The total time the animal retained food in the mouth was used as a parameter of learning. Memory was measured by a decrease in this parameter in a test session that was identical to the procedure during the training. Tests of memory were performed using a blind procedure.
In experiments measuring mRNA synthesis after training, the training was identical to that described, except that the training was stopped after 15 min, rather than allowing animals to stop responding to the food. This was done to create a standard time used for training and for lip stimulation in control animals. A 15-min training is a long enough training to create long-term memory (Botzer et al. 1998; Levitan et al. 2010) . Animals were then sacrificed.
Some experiments examined the effects of lip stimulation without entry of food into the mouth. In these experiments the lips were stimulated with inedible netted food, which elicited bites. The food was not allowed to enter the mouth, and therefore no swallows were elicited. The lips were stimulated with food for 15 min. Trained, lip-stimulated, and naive animals were handled identically
Quantitative real-time PCR
After treatments, animals were anesthetized with isotonic MgCl 2 (25%-50% of the body weight), and the buccal ganglia were removed. The mechanoafferent neuron clusters were separated from the rest of the ganglia rapidly on a cold steel platform in cold ASW. The separation procedure took no more than 8 -10 min. Total RNA was extracted using EZ-RNA (Biological Industries Israel Beit-Haemek Ltd.). DNA contamination was eliminated using DNA-free DNase (Ambion). Reverse transcription was applied using a high capacity archive kit (RevertAid H minus First Strand cDNA synthesis kit, Fermentase). Samples were analyzed in triplicate using an MJ opticon 2 detection system. Analysis of mRNA levels was done using comparative Ct method (Livak and Schmittgen 2001) . Real time quantitative PCR was performed using SYBR-green kit (ABgene Ltd.) with the following primers: ApC/EBP, forward primer 5 ′ -GCAACTCAGCAACGCAACAAATGC-3 ′ , reverse primer 5 ′ -TTTAGCGGAGATGTGGCATGGAGT-3 ′ ; sensorin-A, forward primer 5 ′ -TGATGGTCGTCCTTTGCATCGTGT-3 ′ , reverse primer 5 ′ -TTCTTGACTCACCAACTGCCTGGA-3 ′ ; histone H4, forward primer 5 ′ -GGTGGTGTGAAGCGTATTTCTGGT-3 ′ , reverse primer 5 ′ -GGCCTTGACGTTTGAGAGCATAGA-3 ′ . As in previous experiments examining the expression of ApC/EBP after training with inedible food (Levitan et al. 2008) , data on the expression of ApC/EBP or sensorin-A for each sample were normalized to the expression of histone H4 mRNA in the same sample. The value of C-EBP/H4 or of sensorin-A/H4 obtained for each sample, from both trained and naive animals, was further normalized and expressed as a percentage of the mean value of C-EBP/H4 or sensorin-A/H4 in naive animals in the same experiment, which was set at 100%. Thus, each ganglion from a naive animal has a different value, but the mean of all these values was set at 100%. animals and placed in a chamber containing filtered ASW. The ganglia were then desheathed. Recordings were at room temperature with 1 M KCl electrodes (10-20 MV ), via an Axoclamp 2 voltage clamp/amplifier (Axon Instruments) used in current clamp mode. Data were acquired and analyzed using PC computers running the Clampex component of pClamp 8.0 software (Axon Instruments), with a sampling rate of 10 kHz. A/D and D/A conversions were performed by a Digidata 1322A digitizer (Axon Instruments).
Statistics
Because of the 10-fold increase in expression caused by training, for data on the effects of lip stimulation and training on the expression of C/EBP, there was a significant heterogeneity of variance for the sensory cells between the three groups both 15 min (Levene statistic (2,13) ¼ 4.57; P ¼ 0.031) and 2 h (Levene statistic (2,25) ¼ 11.16; P , 0.001) after training. For this reason, nonparametric statistics (Mann-Whitney U-tests, two tailed) were used to test changes in expression of C/EBP. Increases in sensorin-A were more modest, and there was no heterogeneity of variance between the three groups at either 15 min (Levene statistic (2,11) ¼ 2.96; P ¼ 0.09) or at 2 h (Levene statistic (2,22) ¼ 1.02; P ¼ 0.38) after training. When testing for changes in expression in sensorin-A, or of other genes showing homogeneity of variance, parametric statistics were used.
